Purpose The primary objective of this study was to determine the maximum tolerated dose (MTD) of intravenously (i.v.) calcitriol administered in combination with a Wxed oral dose of dexamethasone and geWtinib in patients with refractory solid tumors. Methods A Wxed oral dose of dexamethasone of 4 mg/day was given every 12 h £ 3 doses starting 12 h prior to i.v. calcitriol administration. Calcitriol was administered i.v. over 1 h on weeks 1, 3, and weekly thereafter. The starting calcitriol dose level was 57 g and escalation occurred in cohorts of three patients until the MTD was deWned. GeWtinib was given at a Wxed oral daily dose of 250 mg starting at week 2 (day 8). Serum calcitriol PK studies were performed on day 1 (calcitriol + dexamethasone) and on day 15 (calcitriol + dexamethasone + geWtinib). Results A total of 20 patients were treated. Dose-limiting hypercalcemia was observed in two out of the four patients receiving 163 mcg/week of calcitriol. Mean ( §SE) peak serum calcitriol concentration (C max ) at the MTD (125 g/ week calcitriol) was 11.17 § 2.62 ng/ml and the systemic exposure (AUC 0-72 h ) of 53.30 § 10.49 ng h/ml. The relationship between calcitriol dose and either C max or AUC was linear over the 57-163 g dose range.
Introduction
Calcitriol, the biologically most active metabolite of vitamin D 3 , has potent antiproliferative, diVerentiating and apoptotic and anti-angiogenic eVects in vitro and in vivo tumor models [1] [2] [3] [4] . The molecular mechanisms of calcitriol antitumor activity are not fully understood. However, calcitriol is known to induce G0/G1 arrest mediated by over expression of cyclin-dependent kinase p21 and p27, to inhibit MEK-and Akt-mediated survival signaling pathways and to up-regulate pro-apoptotic signaling pathways [5] [6] [7] [8] . Recent reports suggest that calcitriol may exert antitumor activity by targeting the epidermal growth factor receptor (EGFR) pathway [9] . Our preclinical studies, in a murine squamous cell carcinoma model system, demonstrated synergistic antitumor activity when calcitriol was used in combination with geWtinib, an EGFR tyrosine kinase inhibitor [10] . Based on these preclinical observations, we conducted a phase I study to determine the maximum tolerated dose (MTD) of weekly intravenous calcitriol with a Wxed dose of geWtinib of 250 mg/day [11] . The result of this study identiWed 74 g/week as the maximum tolerated calcitriol dose and that the administration of geWtinib had no eVect on serum calcitriol pharmacokinetics. These results also demonstrated that systemic calcitriol exposure associated with antitumor activity in murine squamous cell carcinoma model was not consistently achieved in all patients treated at the MTD. Therefore, new approaches to optimize systemic calcitriol exposure are required.
The administration of calcitriol in combination with dexamethasone has the potential to augment the safety and tolerability of calcitriol in cancer patients for two reasons. First, glucocorticoids, especially dexamethasone, have been extensively used in the treatment of hypercalcemic states including calcitriol-induced hypercalcemia [12, 13] . The mechanisms of dexamethasone antihypercalcemic eVects include decreased gastrointestinal calcium absorption and increased urinary calcium excretion [14, 15] . Second, the administration of dexamethasone has been shown to enhance calcitriol antitumor eVects in some tumor models [16] . The enhancement of calcitriol antitumor eVects when administered in combination with dexamethasone is thought to be mediated by diVerential up-regulation of the vitamin D receptor (VDR) in tumor tissues compared to the gastrointestinal mucosa [16] . Therefore, this phase I study was designed as a sequel to our prior phase I study of calcitriol and geWtinib to identify the MTD of weekly i.v. calcitriol when administered in combination with geWtinib at 250 mg/day and a Wxed dose of dexamethasone at 4 mg/day every 12 h £ 3.
Materials and methods

Study schedule and drug administration
Patients received a Wxed dose of oral dexamethasone of 4 mg administered orally 12 h prior, at the time of, and 12 h after to each dose calcitriol. Calcitriol (Calcijex®) supplied in 1 g vials by Abbott Laboratories (Abbott Park, IL) was administered as i.v. infusion over 60 min once weekly except week 2. The Wrst dose level of calcitriol was 57 g. Subsequent dose escalation levels were 74, 96, 125, and 163 g/week. No intra-patient calcitriol dose escalation was allowed. GeWtinib (Iressa) was supplied by AstraZeneca (London, United Kingdom) in 250 mg tablets and was given once daily starting 1 week after the Wrst dose of calcitriol. Dexamethasone was given 12 h prior to, at the time of, and 12 h after each calcitriol dose administration. Each 4 weeks of treatment constituted one cycle.
During the Wrst cycle, calcitriol was given on weeks 1, 3, and 4, while geWtinib was started on week 2 of treatment. This study design allowed for the evaluation of calcitriol pharmacokinetics with and without geWtinib. From cycle 2 and beyond, calcitriol was given on a weekly basis (along with dexamethasone), while geWtinib was continued daily. Schematic drug administration schedule is shown in Fig. 1 .
Study eligibility
Only patients with histologically conWrmed metastatic or unresectable solid tumors for which there was no standard curative or palliative treatment were enrolled in the study. Patients had to be over 18 years of age, with Eastern Cooperative Oncology Group performance status ·2, estimated life expectancy >12 weeks, and oV-cancer chemotherapeutic or radiation treatment for at least 4 weeks (6 weeks for nitrosoureas or mitomycin C). Adequate bone marrow (neutrophils ¸1,500/ l, hemoglobin ¸8.0 g/dL, and platelets ¸100,000/ l), hepatic function (serum bilirubin ·upper limit of the reference range, serum AST and ALT ·2.5 £ upper limit of the reference range), and renal function (creatinine ·1.5 upper limit of the reference range or creatinine clearance ¸60 ml/min) were a prerequisite for enrollment in the study. Patients unable to take oral medications; with brain metastases; history of hypercalcemia or genitourinary stones; patients on digoxin, thiazide, calcium supplements, supra-physiologic doses of glucocorticoids (exceeding the equivalent of 15 mg of hydrocortisone/day), and/or allergic to calcitriol or geWtinib were excluded from study. HIV-positive patients were not eligible because of possible pharmacokinetic interaction with antiretroviral drugs. Patients with reproductive potential had to agree to use adequate contraception before study entry and for the duration of study participation. The study and consent form was approved by the Institutional ScientiWc and Review Committee and the Institutional Review Board before its activation. All patients provided signed informed consent before study entry. The study was conducted in accordance with the Good Clinical Practice Guidelines as issued by the International Conference on Harmonization and the Declaration of Helsinki.
Dose escalation and dose limiting toxicity (DLT) deWnition
Three patients were entered at each dose level. In the absence of DLT, the next dose level was explored. If DLT was seen in one patient, further three patients were added at that dose level and, if no additional DLT was seen, escalation to the next dose level occurred. If at least two patients had DLT at a given dose level, accrual to that dose level was stopped; this was the maximally administered dose. Further patients were then added, as required, to the previous dose level (and if necessary to lower dose levels) to establish the highest dose at which less than two out of six patients had DLT. This was the MTD.
A DLT was any of the following toxicities that were attributable to study treatment on cycle 1 (Wrst 4 weeks of treatment): any grade 3 or 4 toxicity except for grade 3 anemia, any grade 2 or above hypercalcemia (corrected calcium >11.5 mg/dL) if conWrmed on repeat blood draw (>72 h), any grade 2 or above hypercalcemia that is associated with serious hypercalcemic symptoms, any treatment interruption that lasts for >2 weeks that is related to treatment toxicity, sustained increase (>72 h) in creatinine to >2x baseline and >2 g/dL, and clinical or radiological evidence of new genitourinary stones.
Dose modiWcations
No dose modiWcations were allowed for geWtinib; however, treatment interruptions were allowed for periods not exceeding 2 weeks for grade 3 and above skin toxicity, grade 3 and above diarrhea, grade 3 and above nausea unrelated to hypercalcemia, and grade 4 neutropenia. In case of dose interruption secondary to toxicity, treatment was resumed upon improvement to grade 1 or less with the exception of neutropenia, in which case retreatment was allowed when the count exceeded 500 cells/ l. No dose modiWcations were allowed for DLTs related to calcitriol, in which case patients had to be discontinued from study.
No growth factors were allowed on the study with the exception of recombinant erythropoietin.
Clinical evaluation and follow-up
A complete medical history, physical examination, pregnancy test for women with reproductive potential, complete blood count, and comprehensive chemistry proWle (electrolytes, blood urea nitrogen, creatinine, magnesium, LDH, ALT, AST, and bilirubin) were obtained within 1 week before treatment initiation. Baseline computed tomography scans of the chest, abdomen, and pelvis were obtained within 4 weeks before initiation of treatment. Complete blood count and comprehensive chemistry were repeated on a weekly basis. Calcium, phosphorous, and creatinine levels were measured before and 3 days after each calcitriol infusion. Medical history, physical examination, and toxicity assessment as per National Cancer Institute Common Toxicity Criteria 2.0 were done on the Wrst day of the 1st and 3rd weeks of cycle 1 and on day 1 of week 1 of each subsequent cycle. Corrected calcium was used to grade hypercalcemia (corrected calcium = serum calcium + (4 ¡ serum albumin) £ 0.8). Computed tomography scans of chest, abdomen, and pelvis were repeated every two cycles (8 weeks) to assess response. Responses were categorized according to the Response Evaluation Criteria in Solid Tumors [17] .
Calcitriol pharmacokinetics About 10 ml of blood was collected in a non-heparinized (red-top) tube for days 1 (calcitriol + dexamethasone treatment) and 15 (calcitriol + dexamethasone + geWtinib treatment) serum calcitriol pharmacokinetic studies. On day 1 PK samples were obtained at baseline; at 30 and 45 min during the infusion; and at 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, 48 , and 72 h after calcitriol infusion; the sample collection on day 15 was up to 24 h only. Serum samples prepared immediately by a 10-min centrifugation at 2,000g were batched and stored in 1 to 2 ml aliquots at ¡20°C until assayed for calcitriol levels. Serum calcitriol concentrations were determined using 1,25-dihydroxyvitamin D 3 - [I 125 ] RIA kit from DiaSorin Co. (Stillwater, MN) . The analytic characteristics of this assay have previously been described [18] . Non-compartmental analysis of pharmacokinetic data was done using WinNonlin ® Version 5.1, Pharmasight (Mountain View, CA, USA). The serum calcitriol pharmacokinetic parameters estimated were: peak levels (C max ), area under the concentration-time curve from time 0 to 72 h (AUC 0-72 h ), terminal half life (t 1/2 ); the apparent clearance (CL/F) was calculated using the equation CL/F = Dose/ AUC 0-72 h . The relationship between pharmacokinetic variables C max , AUC 0-24 h , and CL/F and calcitriol dosage were evaluated by use of linear regression analysis, and the correlation coeYcient was deWned.
Results
Study patient characteristics
A total of 20 patients were entered on this study between June 2005 and October 2006. Demographic characteristics of these patients are detailed in Table 1 .
Treatment administration
As shown in Table 2 Wve calcitriol dose levels were evaluated with the number of patients treated indicated at each dose level. The total number of cycles received on study was 41. The median number of cycles administered per patient was 2 (range 1-4). All patients without dose limiting toxicity (DLT) were able to receive all the intended dosage on cycle 1.
Dose escalation, DLT, and MTD
No dose-limiting toxicities were noted on dose-levels 1-4. On dose-level 2, one patient experienced chest pain 2 days after the Wrst dose of calcitriol. Cardiac work-up revealed an elevated troponin level consistent with a myocardial infraction. A cardiac catheterization conWrmed severe coronary artery disease. The patient's calcium level was normal at the time of occurrence of chest pain and his cardiac adverse event was deemed unrelated to treatment. His treatment was delayed for 4 weeks following which he was restarted on study treatment without any adverse events. He was deemed to have received insuYcient treatment on cycle 1 to assess a DLT. Therefore, one additional patient was enrolled on dose-level 2 for a total of four patients. Three additional patients were enrolled on each of doselevels 3 and 4 without any DLT. At dose-level 5, one patient developed grade 3 dose-limiting hypercalcemia among the Wrst 3 treated patients. A fourth patient was enrolled at this dose level and experienced another DLT grade 3 hypercalcemia. Dose-level 5 was declared as non-tolerable and dose-level 4 was expanded to a total of six patients without any DLT. Dose-level 4 (calcitriol 125 mcg/week) was declared the MTD.
Toxicity
All 20 treated patients were evaluable for toxicity. Only grade 2 and above toxicity is reported except for hypercalcemia-for which all grades were collected and reported. The National Cancer Institute (NCI) Clinical Toxicity Criteria (CTC) version 2.0 was used for toxicity grading and reporting.
Hematological toxicity
The combination of calcitriol + dexamethasone + geWtinib did not result in any signiWcant myelosuppression. None of the patients treated on this study developed ¸grade 2 neutropenia or thrombocytopenia. Five patients developed grade 2 anemia and another two patients developed a grade 3 anemia on cycles 2 and beyond.
Non-hematological toxicity
The most common non-hematological adverse events were hyperglycemia, diarrhea, rash, fatigue, and nausea and vomiting (Table 3) . Hyperglycemia was predominantly grade 1-2 and was attributed to dexamethasone. This toxicity may have been over-estimated as patients were not required to be fasting at the time of blood draws. Fatigue, diarrhea, rash, and nausea and vomiting were predominantly grade ·2 and were attributed to geWtinib. Skin rash typically developed in the Wrst 3 weeks of treatment of geWtinib (cycle 1) and did not seem to worsen with continuation of treatment. Diarrhea was manageable in all patients with loperamide use and did not require any dose modiWcation.
Hypercalcemia
Hypercalcemia occurred at all dose levels but increased in frequency and severity at higher DLs and with repeated dosing (Table 4) 
Antitumor activity
No signiWcant antitumor activity was seen with this regimen. All patients were taken oV study for clinical progression, radiographic progression, or clinical toxicity (two patients had a grade 3 dose-limiting hypercalcemia). Seventeen patients progressed after 2 months and three patients progressed after 4 months of therapy. G2  G3  G4  G2  G3  G4  G2  G3  G4  G2  G3  G4  G2  G3  G4   Cycle G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4   Hypercalcemia (cycle 1) 
Serum calcitriol pharmacokinetics
Serum calcitriol pharmacokinetics was evaluated in all 20 patients treated with calcitriol + dexamethasone alone on day 1. Fifteen patients had paired serum calcitriol PK evaluated on day 1 (calcitriol + dexamethasone) and day 15 (calcitriol + dexamethasone + geWtinib) of cycle 1. Plots of the day 1 and 15 serum calcitriol concentration over time in the six patients treated at MTD of 125 g/week calcitriol are shown in Fig. 2 . The day 15 plot shows that geWtinib had no eVect on serum calcitriol PK. Calcitriol C max was observed during the infusion and started decreasing immediately after the infusion and was within the pretreatment range at 72 h. A summary of the day 1 serum calcitriol PK parameters is shown in Table 5 . The relationship between dose and either C max or AUC 0-72 h was linear over the 57-163 g calcitriol dose range (Fig. 3) .
Discussion
Calcitriol has signiWcant antitumor activity in a variety of preclinical tumor models. Preclinical data indicate that antitumor activity is calcitriol concentration dependentantitumor activity increases as concentrations are escalated from 1 to 100 nmol/l [19, 20] . Multiple trials have shown that high doses of calcitriol can be safely administered on intermittent oral dosing (once weekly or daily for 3 consecutive days repeated every week) when compared to daily calcitriol dosing schedule [21, 22] . However, the intermittent administration of high doses of the commercially available oral calcitriol formulations was associated with limited bioavailability and loss of linear relationship between dose and exposure (AUC, C max ) [21, 22] . A novel calcitriol formulation, DN101, has been shown to overcome the bioavailability issues seen with oral commercially available calcitriol [23, 24] . Another approach to overcome reduced bioavailability is through the intravenous administration of calcitriol.
Our group was the Wrst to conduct a phase I clinical trial of i.v. calcitriol. We previously evaluated escalating doses of i.v. weekly calcitriol in combination with a Wxed dose of oral geWtinib of 250 mg/day based on previously described synergy data [11] . Dose-limiting hypercalcemia was noted at 96 g/week of calcitriol and the MTD was conWrmed at 74 g of calcitriol/week. In the present study, we evaluated whether we could attenuate calcitriolinduced hypercalcemia by the addition of intermittent dexamethasone. We show that the co-administration of calcitriol and dexamethasone increased the MTD of i.v. calcitriol from 74 to 125 g/week in patients with advanced solid tumors. This conWrms our hypothesis that dexamethasone protects against calcitriol-induced hypercalcemia. Hypercalcemia was the dose-limiting toxicity in the present study; DLT occurred at 163 mcg/week. We have attributed the higher incidence of hyperglycemia observed in this study to the co-administration of dexamethasone. Since only random blood glucose levels were measured in the current study (fasting blood glucose levels were not determined) the true incidence of hyperglycemia in patients treated with a combination of calcitriol and dexamethasone remains to be determined. The addition of dexamethasone did not appear to impact other known geWtinib-related toxicities. We have previously reported that doses of calcitriol that result in C max > 10.0 ng/ml and AUC >40.0 h ng/ml are eVective at suppressing tumor growth in a murine squamous cell carcinoma model, [25] . The C max of calcitriol of 11.17 ng/ml and AUC 0-72 h of 54.89 ng h/ml observed at the MTD (125 g/week i.v. for calcitriol + dexamethasone treatment) indicate that target antitumor serum calcitriol PK parameters were achieved. Therefore, based on these pharmacokinetics results, we suggest that superior calcitriol antitumor activity could potentially be achieved using 125 g/week i.v. calcitriol + dexamethasone treatment. These target serum calcitriol PK parameters were not consistently and uniformly achieved when the MTD of 74 g/ week i.v. calcitriol alone is utilized (C max = 6.68 ng/ml; AUC 0-24 h = 35.65 ng h/ml) [11] . To evaluate if the coadministration of dexamethasone modulates serum calcitriol PK, we have compared the plots of the serum calcitriol concentration versus time of patients treated with i.v. calcitriol at 57, 74, and 96 g/week with dexamethasone (this study) and without dexamethasone from our previous study [11] . Dexamethasone had no eVect on serum calcitriol pharmacokinetics (Fig. 4) . The tolerability of higher calcitriol doses when administered in combination with dexamethasone is thus mediated via non-pharmacokinetic mechanisms.
In summary, this phase I and pharmacokinetic study has demonstrated that weekly intravenous calcitriol administered in combination with dexamethasone and geWtinib is safe and well tolerated. The combination was not associated with any signiWcant clinical activity, consistent with our prior Wndings from a phase I clinical trial of calcitriol and geWtinib [11] . Therefore, further evaluation of this combination in eYcacy clinical trials is not justiWed.
The co-administration of dexamethasone with calcitriol increased the MTD of i.v. calcitriol from 74 to 125 g/ week, a dose that consistently achieved serum calcitriol PK parameters associated with antitumor activity. The clinical evaluation of the MTD of calcitriol and dexamethasone in combination with platinum compounds, taxanes, and gemcitabine may be justiWed based on favorable preclinical synergy with these cytotoxics [7, 26, 27] . 
